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Introduction
Impaired wound healing is a serious complication of diabetes that can result in chronic wounds and even amputation [1] . Chronic wounds represent a silent epidemic that affects a majority of diabetic patients and seriously diminishes their quality of life [2] . To decrease wound-related disorders, efficient wound management is essential. The process of repairing wounds requires a well-orchestrated integration of complex biological and molecular events. Angiogenesis is a critical step in wound healing, which regenerates blood vessels and enables the oxygen supply that is necessary to stimulate repair and vessel growth [3] . It is well established that the MAPK and PI3K/AKT signaling pathways are involved in angiogenesis, and these pathways contribute to different stages of this process [4, 5] . The MAPK family is a large family of serine/threonine kinases, including three well-characterized subfamilies, Erk1/2, P38, and JNK/ SAPK, which mediate a variety of cell functions, such as proliferation (Erk1/2) and migration (P38) [6, 7] . AKT, a general regulator in angiogenesis, likely contributes to endothelial cell survival and growth [8] . Although many angiogenic growth factors/cytokines have been shown to have clinical potential in wound healing, only recombinant human platelet-derived growth factor-BB (rhPDGF-BB; becaplermin) has been approved by the Food and Drug Administration (FDA) for topical use in diabetic neuropathic lower extremity ulcers [9] . However, the high cost and lack of alternative delivery mode limit the clinical application of PDGF [9, 10] . Significantly, the FDA has added a black box warning label about the risk of cancer, which is associated with the use of three or more tubes of Becaplermin [11] . Traditional medicinal herbs and pure compounds isolated from plants have been used for centuries for treating chronic wounds in Asia and Africa [12, 13] . Through years of trial and error, practitioners of alternative medicine have acquired a basic understanding of the safety and efficacy of medicinal herbs. Evidence-based confirmation in validated trials and investigations into the mechanisms of action that are responsible for the clinical effects of these herbs are of high clinical value. Cinnamomum cassia (C. cassia) is commonly used as a spice and flavoring agent and has been shown to be safe when ingested [14] . The bark of C. cassia has also been approved as a herbal medicine by the Chinese Pharmacopoeia as an analgesic and for promoting blood circulation [15] . There is a mounting evidence that C. cassia has anti-oxidative, antimicrobial, anti-cardiovascular disorders [16, 17] , and antidiabetic effects [18] [19] [20] . Kamath et al. [21] and Farahpour et al. [22] found that an ethanol extract of C. cassia improved wound healing due to its anti-oxidant and antimicrobial properties. In addition, C. cassia stimulates angiogenesis in vivo and in vitro by up-regulating vascular endothelial growth factor (VEGF) and Flk-1/KDR expression [23] . However, the components of C. cassia that are mainly responsible for these pharmacological actions have not been fully characterized.
Shexiang Baoxin Pill (SBP), which is a well-known traditional Chinese patent medicine, comprises seven medicinal materials including C. cassia. It is commonly used in the treatment of coronary heart disease (CHD) [24] [25] [26] . Cinnamaldehyde (CA) is an essential oil isolated from the bark of C. cassia [27] . In the present study, CA was found to have pro-angiogenic properties against human umbilical vein endothelial cells (HUVECs). Therefore, we aimed to evaluate the pro-angiogenic effects of CA including the promotion of cell proliferation, migration, and tube formation of HUVECs. We also tested the ability of CA to promote angiogenesis and enhance wound healing in animal models.
Materials and methods

Materials
CA (purity>99.0%) was purchased from the Beijing Naturally Occurring Drugs Research Institute, China. A stock solution of CA was prepared in dimethyl sulfoxide (DMSO) at 10 mM and stored at −20°C until use. Cell Counting Kit-8 (CCK-8) was from Dojindo Molecular Technologies (Kumamoto, Japan). CFDA-SE Cell Proliferation Assay and Tracking Kit was purchased from Beyotime Institute of Biotechnology (Jiangshu, China). VEGF, sodium heparin, Hochest 33258, and PTK787 were from Sigma (St. Louis, MO). Growth factor reduced Matrigel; Annexin V-FITC/PI Apoptosis Detection Kit was from BD Biosciences (San Jose, CA, USA). Specific rabbit polyclonal antibodies to endothelial nitric oxide synthase (eNOS), phospho-eNOS (Ser1177), AKT, phospho-AKT (Ser473), p38, phosphop38 (Thr180/Tyr182), c-Raf, phospho-c-Raf (Ser338), Erk1/2, phospho-Erk1/2 (Thr202/Tyr204) and β-actin (as a loading control), U0126 (a MEK inhibitor), and LY294002 (a PI3K inhibitor) were from Cell Signaling Technology (Danvers, MA, USA). A hemoglobin human ELISA kit and monoclonal antibodies against VEGF and CD31 were from Abcam (Cambridge, UK). A human VEGF ELISA Kit was from eBioscience (San Diego, CA). All of the other chemicals were from Invitrogen (Carlsbad, CA) or otherwise indicated.
Cell culture and animal maintenance
Primary HUVECs were purchased from AllCells (Emeryville, CA, USA). With the exception of the homocysteinerescue tube assay, each batch of HUVECs was examined using flow cytometry and was shown to be 99% CD31 positive, with a viability of 95%. Unless otherwise indicated below, cells were cultured in MCDB131 medium supplemented with EGF, bFGF, cAMP, heparin, hydrocortisone, penicillin, streptomycin, amphotericin B, and 10% fetal bovine serum (FBS) on 25 
Cell proliferation assay
Cell viability was measured by the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer's instruction. HUVECs (5 × 10 3 cells, 100 μL per well) with 10% FBS culture medium were seeded in 96-well plates. After attachment, the medium was replaced with MCDB131 containing 1% FBS, and then the growth medium was supplemented with different bioactive components (10 μM) from SBP and varying concentrations of CA (0.1, 0.5, 1, 5 and 10 μM). VEGF (20 ng/mL) was added as the positive control and no supplemented compounds and VEGF were added as the blank control. After incubation as indicated time, the number of viable cells was determined by the CCK-8 assay according to the manufacturer's protocol. Briefly, the CCK-8 solution was added to each well and incubated at 37°C in humidified 95% air and 5% CO 2 for a further 3 h. The absorbance was measured at 450 nm for each well using a Microplate Reader (Bio-Rad, Hercules, CA). Carboxyfluorescein diacetate, succinimidyl ester (CFSE) analysis was further performed to track HUVEC division using a CFDA-SE Cell Proliferation Assay and Tracking Kit (Beyotime Biotech), and analyzed using flow cytometry (FACS Calibur).
Cell apoptosis assay
HUVECs were seeded in six-well plates (3 × 10 5 cells per well) for 24 h and then treated with CA (10 μM) or 1% DMSO (as control). After 24 h, the cells floating in the medium were collected, and the adherent cells were detached with 0.05% trypsin, washed twice with cold phosphate-buffered saline (PBS), and centrifuged at 1000 rpm for 5 min at 4°C. Subsequently, HUVECs were gently resuspended in the binding buffer. Thereafter, the cells were stained using the Annexin V-FITC/PI apoptosis detection kit. After incubation at room temperature for 15 min in the dark, the apoptotic cells were immediately analyzed by flow cytometry (FACS Calibur).
Endothelial healing assay
HUVECs (1.5 × 10 5 cells per well) were seeded onto 12-well plates containing a plastic coverslip (Thermanox; Lux Scientific Corp., Newbury Park, CA) in each well which was coated with 0.5% gelatin. On reaching confluence, the coverslips were removed to leave a sharp wounded margin. Cells were incubated for 24 h in the presence or absence of CA (0.1, 0.5, 1, and 10 μM) in basal medium containing 1% FBS, after which they were harvested and counted by a hemocytometer. To further illustrate the effect of CA in stimulating endothelial wound healing, a scratch assay was performed. HUVECs (3 × 10 4 cells, 400 μL per well) were plated in 0.5% gelatin pre-coated 24-well plates in regular growth medium. After attachment, a rectangular wound was scratched in the center of the cell monolayer using a 200 μL sterile plastic pipette tip. The wounded monolayer was rinsed with PBS and then incubated with basal medium containing 1% FBS with various concentrations of CA (0.1, 0.5, 1, and 10 μM) for 24 h. Images of the wounds were recorded in five random fields (×100) with a phase-contrast microscope (Leica DMI3000 B, Wetzlar, Germany) before and after treatment. Distance was measured using Image J (National Institutes of Health, Digital Equipment Corp). The wound healing ability was quantified by the formula as followed:
Ratio of wound healing% ¼ 100% À Width 24h Width 0h Â 100%:
Cell migration assay
The migration assay was performed using 24-well Boyden chamber transwells with porosity polycarbonate membrane inserts (8 μm pore size; Costar, Corning, NY, USA). In brief, HUVECs (5 × 10 4 cells per well) were suspended in basal medium (100 μL) in the presence or absence of CA (0.1, 1, 5, and 10 μM) for 30 min, and then seeded in the upper compartment of the chamber. The lower chamber was filled with 600 μL basal medium supplemented with 20% FBS and VEGF (20 ng/mL). After a 24 h incubation at 37°C and 5% CO 2 , the non-migrated cells were scraped off, and the cells that migrated across the filter were washed with PBS twice and stained with Hochest 33258 (10 μg/mL) for 10 min at room temperature. Stained cells were fixed with 4% paraformaldehyde and photographed using a fluorescent inverted microscope (×40) in five random high power fields (HPF). Finally, the migrated cells were counted with Image-Pro Plus software (version 6.0, Media Cybernetics, Silver Spring, MD, USA) in triplicate.
Tube formation assays
Growth factor reduced Matrigel (BD, Bedford, MA, USA) was added to a 96-well plate (50 μL per well) and polymerized for 30 min at 37°C. HUVECs (5 × 10 4 cells, 100 μL per well) were seeded into the coated plate in MCDB131 containing 1% FBS with or without CA (0.1, 1, 5, and 10 μM) and with VEGF (20 ng/mL) as a positive control. After 4 h, images were captured with an inverted microscope (×40) in five random fields. The number of tube-like structures per field was counted in a blinded manner and compared with control. The homocysteine-rescue tube formation assay was based in part on the co-culture model. Briefly, HUVECs and HDFs were seeded at a 1:20 ratio, or around 500 HUVECs to 10 4 HDFs per well in a 96-well flat-bottom plate in EGM-2 (Lonza). After 4 days, EGM-2 was titrated with its basal medium (EBM-2) and 2% FBS, and homocysteine and VEGF or CA were added and replenished every two days before staining on day 12. Cells were then fixed using 4% paraformaldehyde, permeabilized, and stained with an anti-human-von Willebrand Factor monoclonal antibody (Sigma) and an anti-rabbit alkaline phosphatase-conjugated secondary antibody. Tubes were visualized using the 1-Step TM NBT/BCIP, images were taken at ×40, and average tube size was measured using Image J.
Enzyme-linked immunosorbent assay
The concentration of VEGF in conditioned medium was determined using enzyme-linked immunosorbent assay (ELISA). In brief, HUVECs (3 × 10 4 cells per well) were cultured in 24-well plates in a volume of 300 μL. After attachment, cells were treated with different concentrations of CA (1, 5, and 10 μM) for the indicated time (24, 36, 48 , and 72 h). The VEGF levels in the supernatants were determined as described by the manufacturer's instructions.
Western blot assay
2 × 10 5 cells were seeded into a six-well cell-binding plate (Corning) and then exposed to test medium for different times. Cells were washed with ice-cold PBS and lysed in RIPA buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 0.02% NaN 3 , 0.2% Aprotinin, 1% Triton X-100) supplemented with 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Thermo Scientific). Equal amounts of protein were separated on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gels and subsequently transferred to polyvinylidene fluoride membranes. After blocking, the membranes were incubated with primary antibodies against target proteins overnight at 4°C, followed by incubation with a secondary antibody (IRDye 800; LI-COR, Biosciences). Proteins in the blots were visualized using the Odyssey Infrared Imaging System (Li-COR Bioscience, Lincoln, NE, USA).
Zebrafish assays
The transgenic zebrafish strain, Tg (vegfr2: GFP), was maintained in the Children's Hospital breeding colony at 28.5°C on a 14 h light/10 h dark cycle. Zebrafish embryos were generated by natural pair-wise mating (3-12 months old) and were raised at 28°C in culture water (containing 5.0 mM NaCl, 0.17 mM KCl, 0.4 mM CaCl 2 , 0.16 mM MgSO 4 ). Healthy, hatched zebrafish embryos were picked out at 21 h post-fertilization (hpf) and distributed into 24-well microplates (6-8 embryos per well). The zebrafish embryos were first treated with VEGFR inhibitor PTK787 (CAS: 212141-51-0, Sigma) from the concentration 0.5 to 3 μg/mL for 3 h to evaluate the tolerance dose. Then they were pretreated with 2.0 μg/mL PTK787 for 3 h, PTK787 was subsequently washed out and replaced with either 0.25% DMSO (v/v) in culture water (vehicle control), or increasing concentrations of CA of 0.01, 0.05, 0.1 μg/mL for 24 h. Each experiment was repeated at least three times.
Matrigel plug angiogenesis assay in vivo
Effect of CA on VEGF-stimulated angiogenesis in vivo was determined by Matrigel plug implantation assay which was based on the method of Wake et al. [28] . Briefly, the 5-week-old male Kunming mice (25-28 g) were subcutaneously injected with 0.5 mL of liquid Matrigel (BD Bioscience) mixture containing 100 ng/mL VEGF and 100 units/mL heparin. Then the mice were treated daily for 2 weeks with intraperitoneal injections of either vehicle (4% tween-80 in saline) or CA (100 mg/kg in the vehicle). After the 15th day, the mice were euthanized, and the Matrigel plugs were excised and photographed. Then a portion of Matrigel plugs was homogenized in PBS (pH 7.4) and centrifuged at 10,000 rpm for 10 min. The concentration of Hb in the supernatant was measured at 450 nm directly using a hemoglobin human ELISA kit (Abcam).
Wound healing in vivo
The male diabetic (BSK.Cg-m+/+Lepr db ; db/db) and WT mice (C57BL/6J) were 10 weeks old at the beginning of the experiments; db/db mice weighed 55-60 g with average blood glucose levels of 26.8 ± 0.6 mmol/L and WT mice weighed 20-25 g with average blood glucose levels of 6.1 ± 0.4 mmol/L. The skin wound study was performed as previously described [29] . Briefly, after shaving the chosen area of the dorsal surface under anesthesia, a circular fullthickness excisional skin wound of 8-mm diameter was created using a surgical punch. Wounded mice (n = 10/each group) were randomly divided into three (WT group) or four (db/db group) groups and given an intraperitoneal injection with various concentrations of CA (WT group: 25, 50 mg/kg; db/db group: 25, 50, and 100 mg/kg) or vehicle solution every day. The wounds were photographed daily and diameters were calculated using Vernier callipers at the widest point of the wound. The change in wound size was expressed as wound closure, calculated using the formula as follows:
Wound closure% ¼ wound diameter on day 0 À wound diameter on day indicated wound diameter on day 0 Â100%:
Five mice randomly chosen from each group were sacrificed. The cutaneous wound edges were harvested and divided into two parts, one for western blot assay and the other for histological analysis.
Histology and immunohistochemistry
To further investigate the potential angiogenic effect of CA in vivo, the HE staining and CD31 immunostaining analysis was performed on the remaining Matrigel plugs and cutaneous wound edges. Briefly, the Matrigel plugs and the skin from the healed wound beds surrounded by a margin of normal skin were harvested separately and were fixed in a 10% formalin solution, processed, embedded, sectioned, and either HE stained or IHC stained using antibodies against CD31. The HE and IHC images were obtained on a Leica DMI3000 B phase-contrast microscopy. The 
Statistical analysis
One-way analysis of variance followed by Dunnet's correction was used to compare the significant differences between groups and t-test was used when two groups are compared. All quantitative data are expressed as the mean ± SEM. P-values less than 0.05 were considered significant.
Results
CA stimulated HUVEC proliferation
Aimed at discovering potential pro-angiogenic agents of SBP, CA, and other 21 compounds, single doses of 10 μM Table S1 ); therefore, CA was evaluated further. The effect 
*** P < 0.001, ** P < 0.01, of CA on endothelial cell proliferation, an important early aspect of angiogenesis, is shown in Fig. 1a, b and Supplementary Figure S1 . Using the CCK-8 assay, medium absorbance from the CA-treated cells was compared to that from vehicle control, and expressed as a percentage. CA significantly increased proliferation of HUVECs in a concentration-and time-dependent manner. The maximal increase of cell proliferation by CA (31.6% vs. the control) was achieved at 10 μM after 24 h. M1 represents the percentage of undivided cells in Supplementary Figure S1 ; the CFSE result showed the potent stimulation for endothelial cell proliferation by CA at 10 μM. In addition, 10 μM CA had no acute cytotoxic effects on HUVECs when cell apoptosis was detected by flow cytometry (Fig. 1c) .
CA induced HUVEC wound closure
To evaluate the effect of CA on endothelial cell wound healing in vitro, the distance between the wound margins and the number of impaired HUVECs in the culture was determined. As Fig. 2a, b showed, at a lower concentration (0.1 μM), CA caused significantly larger wound closure (54.1 ± 2.8%) compared with the control (40.4 ± 8.3%) at 24 h. Treatment with 0.5 and 1 μM CA extensively reduced wound width (76.7 ± 4.8% and 77.5 ± 9.9%), and treatment with 10 μM induced almost complete wound closure (96.2 ± 4.5%) at 24 h. In addition, Fig. 2c shows a 1.15-, 1.08-, 1.28-, and 1.67-fold increase in cell number after a 24-h incubation with 0.1, 0.5, 1, and 10 μM CA, respectively.
CA increased HUVEC migration
The ability of CA to stimulate endothelial migration was tested using Transwell plates. After a 24-h incubation with CA at different concentrations (0.1, 1, 5, and 10 μM), 22.8 ± 2.8, 28.2 ± 2.5, 35.6 ± 1.7, and 33.4 ± 2.4 cells per field migrated across the filer, respectively. The enhanced migration of HUVECs was concentration-dependent and reached a plateau at 5 and 10 μM CA (Fig. 2d, e) .
CA enhanced HUVEC tube formation and rescued HUVEC tube damage
Matrigel is a reasonable proxy for in vivo tube formation. However, assessment of tube formation in the setting of sustained or chronic damage, as may be present in a chronic wound, is also valuable. The ability of endothelial cells to remodel and align is a requirement for the formation of new blood vessels during angiogenesis, and it can be tested by the in vitro tube formation assay. CA enhanced HUVEC tube-like structure formation after a 4-h incubation of HUVECs. Figure 3a , b demonstrated that CA at 10 μM enhanced HUVEC tube-like structure formation by approximately 35% compared with the control cells. In a 12-day tube formation assay using HUVECs seeded in a bed of fibroblasts, a preliminary screen of C. Cassia compounds supported CA's ability to rescue tube formation in the presence of homocysteine-induced damage (Fig. 3c, d ).
CA elevated VEGF secretion
VEGF is a survival factor for endothelial cells, and its secretion may be actively involved in angiogenesis. In Supplementary Figure S2 , the ELISA results showed a concentration-and time-dependent increase of VEGF secretion in the supernatants of HUVECs that have been treated with CA. When HUVECs were treated with increasing concentrations of CA (1, 5, and 10 μM), significantly higher levels of VEGF were detected after 48 h. The maximal effect, approximately a 3-fold increase compared with the control group, was observed for 10 μM CA ( Figure S1A ). When HUVECs were treated with 10 μM CA for 0, 24, 36, 48, and 72 h, the secretion of VEGF increased with time, reaching a maximal level at 48 h ( Figure S1B ).
CA activated PI3K/AKT and MAPK signaling pathways
To evaluate the effects of CA on PI3K/AKT and MAPK signaling pathways, western blot assays were performed. In the PI3K/AKT signaling pathway, phosphorylation of AKT and its downstream target eNOS were both induced in a dosedependent-manner up to a peak at 10 μM CA (Fig. 4a, c) . This activation was also time-dependent, as AKT and eNOS phosphorylation was detected as early as 5 min, peaked at 15-30 min, before falling at 60 and 120 min (Fig. 4b, d ). In addition, for the MAPK signaling pathway, the phosphorylation of c-Raf and Erk increased at concentrations up to 10 μM (Fig. 4e, g ), whereas the phosphorylation of P38 maintained a plateau from 1 to 10 μM (Fig. 4i) . CA treatment increased phosphorylation of c-Raf and its downstream target Erk at 5 min before reaching a maximum level at 30 and 60 min (Fig. 4f, h ). P38, which is capable of improving endothelial cell motility [30] , was initially phosphorylated 5 min after the CA treatment (Fig. 4j) . To further determine whether the angiogenic activity of CA occurred through the AKT and Erk signaling pathways, we used LY294002 (a PI3K inhibitor) and U0126 (a MEK inhibitor). LY294002 reversed the phosphorylation of AKT, and U0126 blocked the phosphorylation of Erk (Fig. 5e, f) . The stimulatory effects of CA on cell proliferation, VEGF secretion, and even tube formation were all decreased by LY294002 and U0126 pretreatment (Fig. 5a-d) .
CA partially restored intersegmental vessels in zebrafish pretreated with PTK787
A transgenic zebrafish strain (vegfr2: GFP) was used to assess the angiogenic effects of CA. The formation of intersegmental vessels (ISVs) in these animals can be blocked with selective inhibitors of VEGFR tyrosine kinase, such as PTK787. Zebrafish embryos treated with 0.5-3.0 μg/mL PTK787 for 3 h demonstrated a dosedependent reduction in ISV lengths ( Supplementary Figure S3) . Several off-target effects, such as pericardial edema and trunk flexion, were observed when zebrafish embryos were exposed to 3.0 μg/mL PTK787. Therefore, 2.0 μg/mL PTK787 was chosen to induce zebrafish ISV loss (Fig. 6b) . Incubation of the PTK787-pretreated embryos with 0.01, 0.05, and 0.1 μg/mL CA for 24 h partially restored ISV formation (Fig. 6c-e) . This dosedependent recovery was confirmed by quantitative analysis of ISV lengths (Fig. 6f) .
CA up-regulated angiogenesis in vivo
To investigate the in vivo activities of CA on angiogenesis, a mouse Matrigel plug assay was employed. Matrigel plugs that are treated with saline were pale in color, which demonstrates no or little blood vessel formation. Whereas compared with the saline controls, Matrigel plugs treated with CA appeared red in color, which indicates that CA promoted angiogenesis in vivo (Fig. 7a) . The content of hemoglobin (Hb) inside the Matrigel plugs was measured to evaluate the pro-angiogenic effects of CA. As shown in Fig. 7b , the Hb level in saline control was almost 1.8 g/dL, and CA significantly elevated the Hb level to nearly 3.2 g/dL (P < 0.05). Compared with the saline group, Hematoxylin-eosin (HE) staining and CD31 immunohistochemistry illustrated more capillary-like structures and neovessels, and vascular wall thickening in the CA-treated group (Fig. 7c, d ).
CA promoted wound healing in vivo
The effect of CA on wound healing was investigated in vivo. Daily intraperitoneal injection of CA (25, 50 , and 100 mg/kg) markedly accelerated wound healing in wildtype (WT) (over 12 days) and diabetic (db/db) mice (over 16 days). From day 4 to day 10, the CA-treated wounds in WT mice were significantly smaller in size than in mice treated with physiological saline. On day 12 post-wounding, the untreated wounds achieved complete closure. In comparison, the CA treatment group (50 mg/kg) obtained earlier healing (on day 10) and exhibited 98.2 ± 2.5% wound closure, whereas only 89.0 ± 1.9% closure was observed in the 25 mg/kg CA treatment group and 79.8 ± 3.8% in the control group (Fig. 8a) . Additionally, as shown in Fig. 8b , CA (25, 50 and 100 mg/kg) dose-dependently improved wound healing in diabetic mice, with complete closure after 16 days at 50 and 100 mg/kg CA, and only 82.9 ± 8.6% and 75.7 ± 2.4% closure was observed in mice treated with 25 mg/kg CA and physiological saline, respectively (P < 0.05). Our data demonstrated that the overall rate of wound healing in db/db mice was much slower than of WT mice. No significant reduction in body weight or blood glucose levels was observed after the administration of CA throughout the experiment (Supplementary Table S2-S4) .
To further determine the effect of CA on wound contraction and closure, histological analyses were performed. HE staining showed that the WT and db/db mice treated with 50 mg/kg CA achieved complete epidermal regeneration and remodeling of the dermis on day 10 post-wounding, whereas the wounds in their corresponding control group were only partly closed at the same time point (Fig. 8c) . Because angiogenesis plays a major role in wound healing, immunochemistry analysis was carried out using a monoclonal antibody against the endothelial cell marker CD31 to quantitate vascular density in the wound bed. On day 10 post-wounding, slightly higher levels of capillary density were detected in WT mice vs. db/db mice. After the administration of 50 mg/kg CA, significantly more capillaries were formed compared with physiological salinetreated mice (P < 0.001). In WT mice, 166 ± 8 vessels per field were detected in the CA-treated group compared with 56 ± 6 vessels per field in the control group. In db/db mice, there was a robust increase in capillary density in the wounds of CA-treated mice (151 ± 6 vessels per field) compared with physiological saline-treated mice (33 ± 4 vessels per field) (Fig. 8d) .
VEGF is an important growth factor in wound healing because it promotes early events in angiogenesis, particularly endothelial cell migration and proliferation. To evaluate the efficacy of CA in up-regulating the expression of VEGF in vivo, a western blot assay was performed on tissue homogenate from the cutaneous wound edges. As shown in Fig. 8e and f, VEGF protein was increased around the damaged tissues compared with the unwounded skin. Additionally, after the treatment with 50 mg/kg, the expression of VEGF was up-regulated by 1.6-and 3.1-fold in WT and db/db mice relative to the respective control groups (P < 0.001). This in vivo increase of VEGF can be due to an increased endothelial cell number in CA-treated wounds (Fig. 8d) , because CA increases VEGF secretion by these endothelial cells, macrophages, keratinocytes, etc., which are already present in the lesion (Supplementary Figure S2) , or due to a combination of the two reasons.
Discussion
Our data clearly showed that CA efficiently promoted endothelial cell proliferation, migration and tube formation that contributed to the process of neovessel formation. Furthermore, CA also induced the phosphorylation of AKT, Erk1/2, and P38, which are central signaling molecules during the process of angiogenesis. Considering that wound healing is delayed in diabetes due to aberrant angiogenesis, we used a full-thickness excision wound model to evaluate the pro-angiogenic effects of CA in vivo. In WT and db/db mice, CA stimulated angiogenesis and wound healing. Of particular relevance to our findings, here is a recent human clinical trial reporting that application of 2% cinnamon ointment on episiotomy incisions has a significant effect on decreasing perineal pain and accelerating healing of the incision [31] . Although these authors did not reveal the active substances in the cinnamon ointment, it was known that three main compounds in cinnamon, namely, CA, eugenol, and linalool, make up approximately 80% of its composition [32] . Angiogenesis involves a sequence of events that lead to the formation of new blood vessels from the pre-existing vascular network and play an essential role in wound healing [33] . Although topical administration of activated platelet supernatant or recombinant PDGF have been reported to improve diabetic foot ulcers, refractory wounds in diabetes are still a clinical problem, which can even result in amputation [34, 35] . C. cassia, a traditional folk herb, has been used for diabetes mellitus therapy and impaired wound healing treatment [20, [36] [37] [38] . CA is a major volatile oil purified from the bark of C. cassia, and oral administration of CA produced a hypoglycemic effect in streptozotocininduced diabetic Wistar rats from day 28 onward [39] [40] [41] . Our data illustrated that time to wound closure was reduced by CA in WT and db/db mice. The optimal CA dose was 50 mg/kg, which was far less than 229.5 mg/kg (LD 50 value reported by Huang et al. [42] ). Of note is that in the db/db mice, no significant change was observed in blood glucose level during the experiment, which ended on day 16 when complete wound closure was almost achieved. This is consistent with the aforementioned studies, which showed that the hypoglycemic effect of CA began after 28 days of administration [41] . It appeared that in the current conditions, CA-induced wound healing was independent of reduced blood glucose.
Many endogenous growth factors, especially VEGF, are believed to be pivotal signaling molecules in angiogenesis during the process of wound healing [43] . VEGF is a potent stimulator of angiogenesis that directly induces endothelial cell proliferation and migration [44] , and it is therefore important to study the VEGF signaling pathway as it relates to the acceleration of wound healing. A previous study had shown that C. cassia stimulated VEGF secretion in HUVECs (2-fold) and in bovine aortic endothelial cells (1.6-fold), compared with the controls [23] . Our current research demonstrated that CA induced VEGF secretion from HUVECs by three-fold. This suggests that CA may be one of the principal components of C. cassia There was a significant acceleration of wound healing in the CA treatment group vs. the control group (ten mice in each group; P < 0.05). c HE staining of wounds from WT and db/db mice on day 10 post-wounding (magnification ×40). d Blood vessels were detected with an anti-CD31 antibody (red), and nuclei were counter-stained by DAPI (blue) (magnification ×200). Representative photomicrographs of wound vascularity were obtained on day 10 posttreatment with CA (50 mg/kg) and physiological saline in WT and db/ db mice. The bar graphs represented an average of vessel density (the number of vessels per field) of five randomly selected fields from five independent mouse wounds. e, f CA induced VEGF expression around cutaneous wounds. Western blot was performed to measure VEGF expression. Tissue homogenates of wound edges were harvested from WT (e) and db/db (f) mice treated with CA for 10 days. Both the physiological saline-treated group and the unwound group were used as controls (n = 5/each group). Data shown in the graphs are representative of the mean ± SEM. *** P < 0.001 vs. the control responsible for this effect. Based on our in vivo observations, follow-up studies using immunohistochemistry and western blot were performed at the optimal dose of 50 mg/ kg. In skin wounds, we detected an increase of VEGF protein expression around the margin of wounded tissue. Furthermore, CD31-positive capillaries in the wound bed and surrounding tissues were also significantly increased, which further supported the effect of CA on angiogenesis during wound healing. These findings demonstrated that the pro-angiogenic effects of CA were associated with increased expression of VEGF. In contrast to our present results, Lu et al. [45] showed that a water-based extract from cinnamon inhibited VEGF-induced endothelial cell proliferation, migration, and tube formation in vitro, sprout formation from aortic ring ex vivo and tumor-induced blood vessel formation in vivo. CA, a component responsible for the aroma of cinnamon, had little inhibitory effect on VEGFR-2 kinase activity. Whereas the highperformance liquid chromatography-purified components of cinnamon, including type A trimeric and tetrameric procyanidins, were found to inhibit kinase activity of purified VEGFR-2 and VEGFR-2 signaling, implicating oligomeric procyanidins as active components in cinnamon that inhibited angiogenesis. It is noteworthy that the CA derivative 2-methoxycinnamaldehyde has been shown to inhibit tumor angiogenesis by suppressing Tie2 activation [46] , while the CA derivative CB403 exerted its antitumor effect through the arrest of cell cycle progression in the G2/M phase [47] . As previously reported, a single medicinal plant may contain both pro-and antiangiogenic compounds [48, 49] . Taken together, these findings emphasize the need for regulations that standardize herbal therapy, which is currently under the US Dietary Supplement and Health Education Act. It is also clear that pure phytochemicals with defined pharmacological profile are much safer and reliable than crude extracts for clinical uses. Erk1/2 is one of the major molecules of the MAPK signaling pathway, which is activated through the threecomponent protein kinase cascade Raf → MEK → Erk [50] . The Raf/MEK/Erk signaling pathway is well recognized to be involved in cell proliferation and plays a critical role in promoting angiogenesis during wound healing [51, 52] . The present finding suggested that CA induced both the phosphorylation of Erk and angiogenesis by HUVECs, which was blocked by U0126 (a MEK inhibitor). P38 MAPK signaling can act as a "molecular switch" between angiogenesis and hyper-permeability, improving endothelial cell motility [30] . The phosphorylation of P38 was found to be induced by CA in a timeand concentration-dependent manner in our study. In a previous study, P38 and Erk1/2 were activated and phosphorylated by CA at 1 μM for 24 h in PLC/PRF/5 cells, but cell proliferation was inhibited [53] . In contrast, our study demonstrated that proliferation of HUVECs was stimulated after a 24-h incubation with 10 μM CA. These contrasting results may be due to the differences in cell type, drug concentration, and medium conditions. Another central pathway that controls the process of angiogenesis in endothelial cells is the PI3K/AKT signaling pathway [54] . Phosphorylation of AKT subsequently activates eNOS at serine1177, which leads to the production of NO, which can simulate vasodilation, vascular remodeling and angiogenesis [55, 56] . Our findings demonstrate that CA stimulates AKT activation, and the effect is blocked by LY194002 (a PI3K inhibitor). It is important to comment further on the effect of CA on eNOS and other members of the extremely diverse NOS family. CA had been shown in a variety of settings to down-regulate inducible nitric oxide synthase (iNOS) and NO release, in lipopolysaccharide-stimulated macrophages in vitro at concentrations as low as 5 µM [57, 58] . Unlike eNOS, iNOS produces large amounts of NO as part of an immune response, and it may contribute in a small way to VEGFinduced vascular permeability and angiogenesis [59] , iNOS activation or expression is strongly associated with a host of tissue-destructive processes such as chronic inflammatory and autoimmune diseases [58] . Inhibition of iNOS can conceivably protect the vasculature from further inflammatory damage in the chronic wound setting. In our study, we observed CA induced phosphorylation of eNOS in a dose-dependent manner. The prospect of a small molecule, such as CA, that can up-regulate eNOS but also down-regulate iNOS in an inflammatory setting is intriguing and warrants further investigation.
In summary, we demonstrated that CA accelerated wound healing in vitro and in vivo by inducing angiogenic activity. This was evidenced in both zebrafish and murine models. The potential mechanism involved enhancing secretion of VEGF and activating both the PI3K/AKT and MAPK signaling pathways. These results underscored the pro-angiogenic effects of CA, and like ginsenoside Rg1 [48] and salvianolic acid A [60] , CA can be a prototype for nonpeptide molecules that can induce therapeutic angiogenesis, as in chronic diabetic wounds and myocardial infarction.
